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I. SUMMARY 

The  original  equipment  developed  by  one  of  the  authors  for 
measuring  atmospheric  noise  on  a  world-wide  basis  is  briefly  described. 

At  an  early  stage  in  the  observational  program  it  was  realised 
that  at  many  locations  the  noise  level  fell  considerably  below  one 
microvolt  per  meter  at  certain  times  of  the  day  and  that  therefor**, 
owing  to  the  limited  sensitivity  of  the  original  equipment,  measurement 
was  not  always  possible. 

In  this  report  the  theoretical  and  experimental  work  which  has 
been  undertaken  to  improve  the  sensitivity  of  the  original  equipment 
is  described.  The  improved  equipment  employs  a  high  input  impedance 
wide  bend  preamplifier  situated  at  the  base  of  the  antenna  ^and  connected 
to  a  receiver  by  a  coaxial  line;  calibration  is  effected  by  inserting 
a  voltage  directly  into  the  antenna  system. 

Provisional  tests  indicate  that  the  sensitivity  of  the  improved 
equipment  is  adequate  for  the  measurement  of  noise  level  down  to 
0.05  microvolt  per  meter.  The  possibility  of  error  in  measurement  due 
to  changes  in  the  parameters  of  the  system  has  also  been  greatly  re¬ 
duced. 


The  improved  system  offers  a  practical  means  of  increasing  the 
sensitivity  of  the  original  equip-ment  with  a  minimum  of  alteration. 

II.  INTR0DXTI0N 

To  compute  the  transmitter  power  required  for  satisfactory  radio 
communication  between  two  distant  points  it  is  necessary  first  to  de¬ 
termine  the  optimum  frequency  corresponding  to  the  particular  time  of ~~ — 
transmission  and  the  particular  transmission  path.  TThen  this  optimum 
frequency  for  minimum  ionospheric  attenuation  has  been  determined  it 
is  then  necessary  to  know  the  minimum  field  Intensity  necessary  to 
give  a  specified  degree  of  intelligibility  at  that  particular  fre¬ 
quency  and  in  the  locality  of  the  receiver.  The  chief  factor  limiting 
the  minimum  permissible  value  of  field  Intensity  for  any  grade  of 
reception  is  the  prevailing  background  radio  noise  level. 

Investigation  of  the  mechanism  of  radio  wave  propagation  has 
provided  means  of  predicting  with  reasonable  accuracy  the  average  field 
intensities  obtainable  from  distant  transmitters,  and  in  order  to  im¬ 
prove  the  reliability  of  forecasting  numerous  ionospheric  measuring 
stations  have  now  been  set  up  en  a  routine  basis  at  a  considerable 
number  of  locations. 

The  complementary  problem  of  assessing  radio  noise  level  has  on 
the  contrary  received  scent  attention.  The  limited  nature  of  the 
available  data  has  long  been  appreciated  and  efforts  to  improve  knowledge 
of  tbe  world  distribution  of  noise  level  are  now  being  made. 
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As  a  first  step  the  British  Radio  Research  Board  recommended 
in  f.'ay  1943,  that  a  survey  of  existing  information  and  data  on  • 
atmospheric  noise  level  over  the  frequency  range  1-30  Mc/s.  be 
undertaken.  VThile  this  critical  survey  of  all  the  available  published 
literature  on  the  subject  was  being  prepared,  it  was  suggested  that, 
concurrently,  quantitative  knowledge  on  atmospheric  radio  noise 
levels  in  the  high-frequency  radio  communication  bands  be  obtained 
for  immediate  application  by  developing  a  quantitative,  but  simple 
method  of  measurement  for  use  at  existing  receiving  stations  by  the 
operating  personnel.  It  v/as  considered  at  that  time  that  the  inaug¬ 
uration  of  a  scheme  of  world-wide  measurement  by  standardised  equip¬ 
ment  would  not  only  meet  the  then  pressing  war-time  needs  but  would 
elso  pave  the  way  for  a  more  comprehensive  study  of  the  science  of 
atmospheric  noise  at  all  radio  frequencies. 

Such  a  scheme  was  proposed  by  one  of  the  authors*  and  its  imple¬ 
mentation  was  directed  by  the  Combined  Communications  Board  in 
Washington,  D.C.,  during  the  period  April,  1944  -  March,  1945. 

Eighteen  stations  were  installed,  all  utilising  identical  equipment, 
and  the  data  obtained  have  for  the  past  eighteen  months  been  collected 
end  analysed  at  three  centralising  laboratories  -  the  Central  Radio 
Fropagation  Laboratory,  F’ashington,  D.C.,  U.S.A.,  the  National 
Physical  Laboratory,  Teddington,  England,  apd  the  Australian  Radio 
Fropagation  Laboratory,  Sydney,  Australia.  The  factors  governing 
the  design  of  this  original  equipment,  together  with  a  brief  de¬ 
scription,  are  given  in  Sections  III  and  IV. 

It  was  soon  realised  that  the  measured  noise  level  at  many  loca¬ 
tions  was  considerably  lower  than  had  at  first  been  thought  likely 
and  consequently  that  the  sensitivity  of  the  original  equipment  was 
inadequate.  Effort  has  recently  been  made  to  develop  a  suitable  ireens 
of  modifying  the  existing  equipment  to  give  adequate  sensitivity  and  this 
report  is  concerned  primarily  with  describing  the  manner  in  which  such 
improvement  has  been  ebtained. 

HI.  CENF.KAL  FRINCIPLF.  OF  ?,STHhD  OF  MEASUREMENT 

The  field  intensity  of  an  interfering  noise  cannot  be  specified 
in  terms  of  any  single  parameter.  Measurement  can  be  mede  of  the 
r.m.s.,  average,  or  peek  value,  or  of  the  fractional  time  during  which 
the  disturbance  exceeds  some  previously  assigned  value. 

For  practical  purposes,  measurement  of  eny  of  these  quantities 
alone  serves  no  very  useful  purpose,  since  it  is  not  the  absolute  value 
of  any  of  these  parameters  which  is  required  but  rather  the  minimum 
value  of  the  superimposed  signal  field  intenaity  which  will  give  a 
specified  degree  of  intelligibility. 


« 


Dr.  H.  A.  Thomas,  at  the  National  Fhyaical  Laboratory 
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For  this  reason  it  is  no w  recognized  that  the  most,  useful 
method  of  expressing  noise  is  in  tents  of  the  minimum  field  inten¬ 
sity  which  will  give  a  certain  degree  of  intelligibility  with  a 
specified  type  of  transmission. 

Noise  can  be  measured  either  by 

(i)  use  of  receiving  equipment  of  known  characteristics 
terminating  in  an  output  meter  designed  to  register 
some  particular  amplitude  characteristic  of  the  noise 
which  can  be  related  to  its  interfering  effect  on 
signal  reception, 

or  (ii)  use  of  uncalibrated  receiving  equipment  identical  with 
that  used  in  the  particular  type  of  communication 
service  of  interest,  together  with  means  of  superimposing 
an  artificial  signal  simulating  an  actuel  signal,  the 
artificial  signal  being  adjusted  until  e  pre- spec! fled 
degree  of  intelligibility  is  obtained. 

In  order  that  the  readings  given  by  an  output  meter  shell  indi¬ 
cate  as  nearly  as  possible  the  interfering  effect  on  signal  recep¬ 
tion  careful  attention  must  be  given  to  the  circuit  design  so  that 
subjective  factors  are  fully  taken  into  account.  Considerable 
diversity  of  opinion  exists  mt  present  as  to  the  most  appropriate 
constants  for  the  circuit  associated  with  the  output  meter  2*3,4, 5 
and  until  considerably  mere  work  has  been  done,  it  would  be  unwise 
to  accept  any  particular  circuit.  The  chief  advantage  claimed  for 
the  use  of  equipment  involving  a  noise  meter  is  that  it  dispenses 
with  the  services  of  an  operator  and  permits  the  utilisation  of 
automatic  recording  equipment.  However,  at  the  present  stage  of 
development , continuous  monitoring  is  necessary  if  interfering  signals 
are  to  be  avoided  and  the  equipment  cannot,  therefore,  be  left  un¬ 
attended. 

The  second  method,  which  already  has  been  used  to  a  large  ex¬ 
tent,  is  strictly  not  a  method  of  measuring  noise  at  all,  but  rather 
a  method  of  measuring  directly  the  minimum  field  intensity  required 
for  a  predetermined  degree  of  intelligibility  for  a  specific  type 
of  service.  The  distinction  is  a  fine  one,  however,  since  the  first 
method  does  not  of  itself  provide  data  of  immediate  applicability. 

The  great  merit  of  the  second  method  is  that  full  account  is 
taken  of  all  subjective  factors  and  the  measurement  gives  directly 
a  value  of  minimum  field  Intensity  which  is  immediately  applicable 
to  practical  calculations. 

It  was  decided  in  1944  by  a  special  aub-committee  of  the  Wave 
Propagation  Committee  of  the  Combined  Communications  3oerd  that  the 
non-availability  of  a  fully  developed  method  of  measuring  the  absolute 
value  of  noise  and  the  availability  of  relatively  simple  means  of 
manual  measurement  Justified  the  adoption  of  the  second  method  for 
immediate  application. 
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Accordingly,  comprehensive  tests  were  mtde  at  the  Sterling 
stetion  of  the  Central  Radio  Propagation  Laboratory  to  ascertain  what 
accuracy  could  be  obtained  with  such  a  simple  subjective  method. 

A  standard  communication  receiver  of  known  band  width  was  set  up, 
associated  with  a  vertical  antenna  and  coaxial  feeder;  an  artificial 
si  :nal  automatically  keyed  at  suitable  speed  was  introduced  and  its 
intensity  adjusted  until  a  predetermined  degree  of  readability  wes 
attained.  The  noise  level  was  defined  as  "the  field  intensity  of  a 
C.7'.  signal  .:hich,  -.-hen  keyed  ct  ten  words  per  minute  and  superimposed 
or.  the  noise  field,  gives  95)6  intelligibility  with  a  receiver  of  10  kc/V 
oanr  'idth,  a  word  bein.^  considered  as  consisting  of  five  letters". 

In  the  tests  conducted  with  twelve  typical  3.S.  Signal  Corps 
operators  the  effects  of  variations  of  the  parameters  on  the  system  were 
studied,  'ihe  details  of  these  tests  were  reported  in  a  C.C.B.  report  ^ 

and  are  summarised  below. 

A .  Capabilities  and  Instruction  of  Operators . 

The  operators  made,  available  for  the  tests  were  of  very 
varying  abilities.  Their  respective  reeding  speeds  were  first  obtained 
and  are  shown  in  Table  1. 


TABLE  I 

Percentage  Reeding  Capability  of  Each  Operator 


Cp'eed 

in  words 

OPERATOR 

per 

minute 

1 

2 

-JL- 

.-1- 

6 

7 

8 

10 

11 

12 

5 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

60 

100 

10 

100 

90 

97 

87 

100 

100 

100 

100 

100 

100 

20 

100 

15 

100 

87 

95 

80 

100 

99 

93 

89 

100 

95 

0 

100 

20 

93 

82 

87 

75 

100 

91 

70 

70 

100 

30 

0 

100 

30 

30 

30 

40 

30 

96 

40 

30 

30 

40 

30 

0 

98 

It  ia  seen  that  operators  5  and  12  were  both  capable  of  reading  30 
words  a  minute  with  practically  no  error  whereas  operator  11  could  not 
read  5  words  a  minute  accurately.  The  varying  abilities  of  the  opera¬ 
tors  were, wnerefore,  eminently  suitable  for  the  testa. 

The  hemal  procedure  was  explained  and  practice  given  to  familiar¬ 
ise  each  operator  with  the  equipment.  After  a  very  short  training 


period,  each  nan  was  able  to  orerat®  the  eouipir.e  t  satisfactorily. 

The  difference  in  character  oetw»en  "smooth"  or  fluctuation  nr]  - 
and  "crash"  or  impulsive  noise  was  explained  and  instr  icticn  give-, 
as  to  how  best  to  obtain  a  measure  of  the  magnitude  f  >cth  tyres. 

7'ith  fluctuation  noise,  eac^.  operator  was  instructed  to  raise 
slowly  the  level  of  the  artificial  signal,  aft^r  havin’  first  r.e]ect°d 
a  chennel  free  from  interference ,  until  he  estimated  that  he  would 
receive  50  per  cent  of  the  ?'orse  characters.  Then  war  instructed 
to  raise  the  level  further  until  he  estimated  tv?  t  could  rn;  d 
95  per  cent  of  the  characters.  The  mem  of  tu-  two  r^-edinrs  was 
recorded  as  the  meesured  value. 

T.’ith  impulsive  noise,  the  operators  were  in  tweeted  ra  i  r®  *  • 
level  slowly,  asking  themselves  continually  h't-  r  they  ecu]  '  r  a 
the  groups  which  occurred  burin.’  a  "crash",  "’hen  4 hey  ad  just 
reached  a  level  giving  95  rer  -^r*t  intelligibility  in  *hc  presenc-- 
"crashes"  they  were  to  record  that  value. 

This  procedure  was  found  to  be  readily  understood  and  to  giv* 

consistent  results. 

3 .  Effect  of  Variation  of  3eat  Frequency . 

Tests  were  made  with  operators  1,  9,  1C,  and  12  to  ascertain 
whether  the  measured  value  was  dependent  on  the  choice  of  beat  frequen 
Each  operator  in  turn  wes  blindfolded  and  the  procedure  for  fluctua¬ 
tion  noise  adopted,  the  beat  frequency  being  varied  in  each  test.  No 
difference  in  the  measure  could  be  observed  over  the  frequency  range 
250-1700  c.p.s.  3elow  250  and  above  1700  c.p.s.  a  higher  artificial 
signal  level  was  required  to  give  the  estimated  intelligibility.  The 
procedure  was  repeated  with  actual  measurements  of  intelligibility, 
each  operator  being  required  to  copy  the  groups  for  two  minutes  at 
each  beat  frequency.  No  difference  in  intelligibility  at  a  given 
artificial  signal  level  could  be  detected  ever  the  frequency  band 
250-1700  c.p.s. 

Since  the  normal  range  which  would  be  used  by  an  operator  lie 
between  500  and  1500  c.p.s.  it  wes  concluded  that  the  beat  frequency 
selected  is  of  no  importance  to  the  accuracy  of  the  measurements. 

C.  Effect  of  Variation  of  Receiver  Cain 

The  receiver  was  adjusted  to  give  a  fluctuetior  ooise  output 
and  the  artificial  signal  was  introduced.  The  gain  was  1  justed  to 
give  a  medium  telephone  strength  and  for  various  signal  inputs  the 
intelligibility  was  measured  by  observing  the  character  errors  over  a 
period  of  two  minutes.  The  procedure  was  repeated  for  five  gain 
settings  ranging  from  a  barely  audible  signal  to  one  which  wes 
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uncomfortably  loud  (requiring  the  telephone  to  be  partially  removed 
from  the  ear).  The  results  showed  that  the  possible  error  which  may 
be  introduced  by  gain- setting  variations  between  different  operators 
is  about  2  12%  (1  db)  if  the  range  is  confined  to  what  is  practicable. 
For  exceptionally  loud  or  extremely  weak  signals  the  possible  varia¬ 
tion  may  amount  to  i  25%  (2  db) .  If  the  telephones  are  removed  en¬ 
tirely  from  the  ear  or  a  loud  speaker  used,  a  higher  artificial 
signal  level  is  necessary  because  extraneous  acoustic  noise  is 
introduced.  It  is  important  therefore  to  insist  that  the  telephones 
be  worn  properly. 

D .  Errors  arising  from  Differences  in  the  Individual 

Characteristics  of  Oierators. 

The  characteristics  of  each  operator  were  studied  carefully 
with  both  fluctuation  and  impulsive  types  of  noise.  In  all  these 
tests  the  operators  were  blindfolded  so  that  there  was  no  possibility 
of  their  observing  the  signal  generator  attenuator  settings. 

(1).  Fluctuation  Noise. 

A  constant  fluctuation  noise  level  was  set  up  and  each 
operator  in  turn  was  required  to  copy  two  minutes  of  message  at 
10  words  a.  minute  for  various  levels  of  artificial  signal.  The 
percentage  intelligibility  was  thus  obtained  for  each  signal  level. 
This  was  repeated  three  times,  and  mean  values  obtained. 

Each  operator  in  turn  was  then  requested  without  copying  the 
characters  to  assess  the  two  levels  of  50  and  95  per  cent.  This  was 
repeated  twenty  times  and  the  range  of  observations  or  "scatter"  noted 
this  scatter  was  marked  on  each  intelligibility  characteristic.  A 
typical  characteristic  (for  Operator. 9)  is  shown  in  Fig.  1. 

From  these  tests  the  maximum  errors  were  computed  and  are 
given  in  Table  2. 
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TABLE  2 


Errors  in  Measurement  of  Fluctuation  Noise 


Operator 

"Scatter"  or 
ranje  of  variation 
in  estimation  of 
signal  level, 
(decibels) 

Vean  difference 
between  estimated 
and  measured  95^ 
signal  level. 

'  (decibels) 

.Maximum  error 
in  m urement  f 
jaoise  lsvel 
.(decibels) 

1 

-  0.6 

-  4.1 

-  4.7 

2 

e 

-  1.2 

-  3.7 

-  4.9 

3 

4 

-  1.3 

-  2.9 

-  4.2 

4 

-  0.9 

t  6.6 

t  1.5 

5 

-  0.5 

-  2.1 

-  2.6 

6 

4 

-  1.1 

-  1.2 

-  2.3 

7 

4 

-  0.7 

-  3.3 

-  4.0 

8 

-  0.9 

-  2.4 

-  3.3 

9 

-  0.6 

-  2.3  ‘ 

-  2.9 

10 

-  1.0 

0.3 

-  1.3 

12 

CO 

. 

o 

0.3 

r  1.6 

It  is  seen  that  this  method  of  assessing  95$  intelligibility  gives  in 
most  casesx  a  field  intercity  which  may  be  between  55$  and  70$  of  the  true 
value  (3  to  5  db  less),  although  in  some  cases  the  error  is  of  opposite 
sign  but  gpall.  in  magnitude. 


Impulsive  Noise 


For  impulsive  noise  it  is  not  possible  to  set  up  a  standard 
noise  input  and  recourse  must  be  made  to  statistical  methods  of  assessing 
the  probable  accuracy.  It  must  always  be  remembered  *hat  the  quantity 
being  measured  is  not  constant  and  that  some  at  least  of  the  observed 
variations  may  be  real. 
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In  the  first  place  each  operator  was  required  to  copy  the 
Morse  characters  for  two  minutes  at  10  words  a  minute  for  various 
levels  of  artificial  signal  in  the  presence  of  the  noise  field. 

Each  operator  in  turn  was  then  requested  to  raise  the 
artificial  signal  level  slowly  until  he  estimated  that  he  could  just 
read  the  message  (95'J 6)  through  the  "crashes” .  The  degree  of  con¬ 
sistency  which  attached  to  this  estimate  and  the  range  obtained 
with  twenty  such  estimates  is  shown  in  Table  3. 


TABLE  3 

Errors  in  Measurement  of  Impulsive  Noise 


Ope  ratqr 

"Scatter"  or 

range  of  variation 
in  estimation  of 
signal  level 
(decibels) 

Mean  difference’ 

between  estimated 
and  measured  95% 
signal  level, 
(decibels) 

Maximum  error 
lr\  .measurement 
of  .noise  lsvel 
(decibel's) 

1 

-  1.3 

-  2.4 

-  3.7 

2 

4 

-  1.6 

-  1.5 

-  3.1 

3 

4 

-  1.2 

-  1.4 

-  £.6 

4 

4 

-  1.2 

-  1.5 

-  2.7 

5 

-  1.0 

-1.7 

-  2.7 

6 

-  0.7 

-  1.4 

-  2.1 

7 

-  0.7 

-  2.5 

-  3.2 

6 

4 

-  1.0 

-  1.0 

-  2.0 

9 

4 

-  1.5 

-  5.5 

-  7.0 

10 

-  1.0 

-  2.5 

-  3.5  * 

12 

-  1.7 

0.0 

-  1.7 

It  is  seen  that,  as  before,  the  value  given  la  likely  to  be 
between  70&  and  90%  of  the  true  value  (1  to  3  db  low),  and  that, 
allowing  for  the  range  of  variation  in  the  estimation  of  the  95  % 
level,  a  maximum  error  of  55%  (7  db)  was  possible  in  the  case  of  one 
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operator,  but  for  the  other  ten  it  would  not  have  exceeded  3.7  db. 

In  this  method  of  assessing  9556  intelligibility  the  arti¬ 
ficial  signal  level  is  raised  slowly  untii  the  message  is  just  read 
able  through  the  noise.  The  level  might  be  estimated  by  either 
dropping  down  to  the  95/6  level  or  swinging  on  either  side  of  it. 

The  differences  in  the  measured  value  which  might  be  obtained  by 
adoption  of  either  of  these  alternative  procedures  was  examined  by 
tests  on  operators  9  and  10.  The  results  are  shown  in  Table  4. 


TABLE  4 

Assessment  of  9556  Level  by  Three  Different  Vethods 


Operator 

Assessment  by 

Raising  Level 

Lowering  Level 

Swinging  Level 

16 

16 

13 

18 

18 

16 

10 

14 

17 

16 

15 

16 

16 

16 

16 

17 

' 

12 

13 

13 

15 

15 

15 

9 

-  14 

14 

14 

15 

16 

16 

16 

16 

13 

The  table  shows  that  there  is  na  significant  difference 
between  any  of  the  various  methods  of  arriving  at  an  estimate  of 
9556  intelligibility. 

E.  Effect  of  Keying  Speed 

If  the  speed  at  which  the  tape  is  run  be  increased  from 
10  to  20  words  a  minute  the  measured  value  is  higher  by  about 
12  to  25^  (1  to  2  decibels).  Table  5  shows  the  results  obtained  on 
Operators  9  and  10. 


% 
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TABLE  5 


Effect  of  Variation  In  Speed  of  Artificial  Signal 


Ope rator 


TTords  per  Minute 


10 


20 


23.2 

24.1 

22.6 

24.2 

9 

22.3 

23.8 

20.3 

23.8 

21.4 

25.6 

24.2 

24.2 

23.2 

25.1 

10 

23.2 

25.3 

23.4 

24.2 

24.0 

25.3 

The  speed  can  , in  practice , readily  be  maintained  within  the 
range  8  to  12  words  a  minute,  in  which  case  the  error  would  be 
negligible. 

F .  Cmnmary  of  all  Sources  of  Error 

To  get  a  fuller  picture  of  the  probable  consistency  of 
measurement  with  a  number  of  different  observers  a  test  was  made  on 
bad  impulsive  noise  (local  storms  in  vicinity).  In  this  test, 
operators  9,  10  and  12  were  required  in  turn  to  meke  an  estimate  of 
95  %  intelligibility  by  the  normal  method  as  rapidly  as  possible  and 
at  the  same  time  to  vary  the  frequency  setting  of  the  receiver  over 
the  band  2.4  -  2.9  Mc/s.  A  plot  of  10C  such  measurements  taken  over 
a  period  of  90  minutes  is  shown  in  Fig.  2  from  which  it  is  seen  that 
all  observations  lie  within  -  5  decibels  of  the  mean  value.  The 
standard  deviation  is  ^.14  decibels  and  the  probable  error  of  any 
individual  reading  is  -  1.43  decibels. 

The  magnitude  of  all  the  possible  errors  which  may  occur  in 
making  a  measurement  are  summarized  in  tabular  form:  . 
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TABIS  6 

Summary  of  all  Sources  of  Error  in  Measurement 


Maximum  Value  of  Errors  in  Decibels  which  may  arise  due  to 


Variation  of 
band  width 

of 

receiver 

Variation  of 
beat  fre¬ 
quency  over 
range  250- 
1700  c.p.s. 

Variation  cf 
receiver 
gain 

Speed 

varia¬ 

tion 

over 

range 
8-12 
words  a 
minute 

Differences 
between 
individual 
operators 
judgment  on 

flue-  impul- 

tuation  sive 
noise  noif* 

1 

0 

1 

0 

*1.5  -  2 

to  to 

-  5.0  -  4 

If  the  conditions  are  such  as  to  make  all  the  errors  cumula¬ 
tive  (which  is  unlikely)  the  maximum  range  of  error  would  be  *  4  to  -  7 
decibels  about  the  correct  value. 

IV.  DESCRIPTION  OF  ORIGINAL  ECTJir?lENT 

Comprehensive  tests  made  in  England  7  had  previously  shown  that 
for  reliable  measurement  a  vertical  omnidirectional  antenna  system 
should  be  located  on  a  level  piece  of  ground  not  nearer  then  ICC  feet 
from  any  hut,  hedge,  reiling  or  tree,  and  well  clear  of  other 
antennas,  power  lines,  or  other  structures.  Consequently,  a  200-foot 
feeder  line  was  provided  so  that  the  receiver  could  be  placed  in  a 
suitable  building  remote  from  the  actual  measuring  antenna. 

A  20-foot  vertical  rod  self  supporting  antenna  was  arranged  with 
a  buried  earth  system  consisting  of  eight  4G-foot  lengths  of  copper 
wire  arranged  radially  3-6  inchee  below  the  ground.  The  antenna 
and  receiver  circuit  is  shown  in  Fig.  3.  The  terminating  resistors 
were  inserted  to  prevent  standing  waves  on  the  lines.  The  antenna 
resonated  at  10.5  Mc/s,  and  the  voltage  applied  to  the  receiver  for 
unit  field  strength  is  shown  in  Fig.  4.  The  multiplying  faetor 
necessary  to  convert  signal  generator  voltage  into  field  strength 
is  shown  in  Fig.  5.  Calibration  at  three  different  locations, 
(Washington,  D.C.,  D.S.A.,  Panama,  and  Belem,  Brazil)  was  made  end 
found  to  be  consistent. 


The  sensitivity  cf  the  equipment  is  limited  by  receiver  noise 
and  since  the  antenna  is  untuned,  the  -inirum  value  of  the  noir® 
l'i**ld  hich  can  be  measured  vith  this  ty;  e  of  equipment  varies 
with  frequency;  the  measured  sensitivity  is  : hewn  in  Table  7. 


T/.9LE  7 


Frequency 

Vinimu 

"easurable  Field 

Ticrovolts^ 

M  db  below  piv/m 

2.5 

0.8 

2 

5 

0.56 

7 

10 

0.32 

27 

15 

0.18 

11 

20 

0.10 

11 

Equipment  of  this  type  was  set  up  at  eighteen  locations 
throughout  the  world  and  has  been  in  continuous  use  for  the  routine 
measurement  of  r.oise  every  hour  on  2.5,  5,  1C,  15  and  20  V.c/s  for 
nearly  two  years. 

V.  LIVITATION  CF  ORIGINAL  EQUIPMENT 

At  an  early  stage  in  the  observational  program  it  was  realized 
that  at  many  locations  during  a  considerable  part  of  the  day  the 
noise  level  fell  tc  values  considerably  below  1  microvolt  per 
met*r  and  that  owing  to  the  limited  sensitivity  cf  the  original 
equipment,  measurement  was  not  always  possible.  At  the  initi¬ 
ation  of  the  Central  Radio  Propagation  Laboratory,  it  was  decided 
to  initiate  an  inveitigation  into  the  ponibility  of  modifying 
the  existing  equipment  to  give  improved  seniitivity. 

The  first  method  which  was  investigated  involved  the  elimina¬ 
tion  of  the  antenna  loading  resiator  and  the  tuning-out  of  the 
antenna  reactance  by  the  insertion  of  fixed  inductors  at  the  bate 
of  antenna  for  each  measuring  frequency.  This  method  was  examined 
very  carefully  by  one  of  the  authors  8.  it  was  found  that,  although 
improved  sensitivity  could  be  obtained,  calibration  of  the.  equipment 
was  critically  dependent  not  only  upon  many  parameters  in- Jthe  system 
but  also  on  frequensy.  Sinte,  in  practice,  measurement  rfay  take 
place  over  a  frequency  band  of  about  1  Vc/s  it  Is  essential  that 
the  calibration  shall  remain  constant  over  each  such  band. 
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Attempt  wa?  made,  therefor®,  to  overcome  this  ject  i  n  by 
adjusting  the  parameters  of  the  system  to  y;v®  «  cali;rritl  r. 
independent  of  frequency  variation  as  possible  v®r  th>  ~  ■  -s  r.  *• 
frequency  ranges.  Although  some  improvement  can  :>®  bc:  ;ev®'i  y 
adjusting  the  length  of  the  coaxial  cable  and  suitably  loeii.g 
the  receiver,  the  general  conclusion  was  reached  that  it  would 
be  very  difficult  in  practice  to  obtain  satisfactory  performance 
since  there  are  far  too  many  possibilities  of  variation  in  the 
parameters  of  the  system.  It  was  considered  most  desirable, 
therefore,  to  investigate  alternative  means  of  increasing  sensi¬ 
tivity  with,  at  the  same  time,  a  high  degree  of  calibration  con¬ 
stancy. 

VI.  DESIGN  PRINCIPLES  CF  IMPROVED  EQUIH.T.NT 

A.  Introduction 

One  of  the  authors  ^  proposed  modification  of  the  original 
system  to  improve  the  sensitivity  by  adoption  of  an  untuned 
high  impedance  preamplifier  installed  at  the  base  of  the  antenna 
and  connected  to  the  distant  receiver  by  a  matched  coaxial 
transmission  line.  By  adopting  such  a  preamplifier  the  mismatch 
in  the  antenna  circuit  inevitably  associated  with  the  original 
system  can  be  ameliorated  -  use  of  a  high  impedance  preamplifier 
allows  the  grid  of  the  first  tube  to  receive  practically  the  full 
no-load  e.m.f.  of  the  antenna.  Another  important  advantage  of 
such  a  system  is  that,  since  the  antenna  impedance  is  always  very 
high,  variation  in  ground  constants  and  ground  resistance  has 
negligible  effect  on  the  calibration  constant  cf  the  equipment. 

Before  consideration  was  given  to  the  circuit  of  the  pre¬ 
amplifier  the  design  of  the  first  stage  was  studied,  since  the 
noise  therein  will  impose  an  upper  limit  to  sensitivity  irre¬ 
spective  of  the  nature  of  the  circuits  which  follow  it. 

B.  First  State  of  Preamplifier 

The  first  stage  needs  to  be  reasonably  efficient  over  the 
frequency  band  2-20  Vc/s  with  good  stability  and  the  lowest  rossibl 
noise  level.  Use  of  a  triode,  at  least  in  the  first  stage  is, 
therefore,  indicated  since  pentodes  are  intrinsically  more  noisy 
than  triodes,  due  to  the  presence  of  partition  fluctuations  in 
current.  The  use  of  a  triode  in  radio  frequency  circuits,  h/r.-  v  r, 
presents  a  problem  of  Killer  effect;  the  grid  to  plate  ceytfci- 
tance  is  effectively  increased  by  e  factor  equal  to  (A  *  I),  in 
which  A  is  the  voltage  gain  in  the  stage. 

To  illustrate  the  problem,  consider  the  use  of  e  6AC7  con¬ 
nected  as  a  triode;  the  input  capacity  is  equal  to  11  ^pif  of 
which  the  major  part  (say  7  njif)  is  grid  to  plate  capacitance 
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"ith  a  transconductance  of  12,0CG  micronhos  arid  a  load  impedance 
of  600  ohms, a  stage  gain  of  seven  or  eight  can  be  realized.  I?nder 
there  conditions  the  Hiller  phenomenon  would  increase  the  effective 
input  capacitence  from  11  to  over  60  micromicrofereds.  This  effec¬ 
tively  precludes  th-*  use  of  a  triode  in  the  second  stage  of  the 
p .  -amplifier'. 

It  does  not,  however,  preclude  its  use  in  tie  first  stage,  since 
it  is  possible  tc  obtain  appreciable  amplification  even  with  this 
Mgh  value  cf  input  capacitance.  However,  the  rather  wide  varia¬ 
tions  in  Inp  it  capacitance  plus  variations  in  transconductance 
between  different  tube?  of  the'  same  type  snd  even  the  same  make, 
make  possible  ride  variations  in  input  capacitance  with  each  tube 
replacement.  This  would  result  in  proportionate  variations  in 
calibrating  constant  of  th^  apparatus.  To  prevent  this  the  "Wellman 
circuit"  shown  in  Feb. 6  was  proposed.  This  circuit  consists  of  a 
grounded  cathode  tricde  amplifi°i  ,ube ,  the  output  of  which  is  fed 
into  a  grounded-grid  amplifier  tube.  The  voltage  amplification  of 
the  first  tube  is,  theoretical ly ,  equal  tc  unity,  end,  therefore, 
Hiller  off^>ct  only  increases  the  input  capacitance  tc  a  value  equal 
to  twice  the  grid-cathodc  capacitance.  The  second  tube  provides 
full  amplification. 

It  can  be  shown  that  the  contribution  of  the  second  tube  to 
the  noise  output  of  the  sttge  is  negligible.  A  rellman  circuit 
could  also  be  used  in  the  second  stage,  if  it  were  found  necessary 
to  keep  the  noise  of  that  stage  to  a  minimum;  actually,  it  was  found 
possible  to  obtain  sufficiently  high  gain  from  the  first  stage  so 
that  the  tube  noise  contributed  by  th»  second  stage  was  dominated 
by  the  amplified  noiae  of  the  first  even  though  the  second  stage 
employed  a  pentode  tube. 

A  suitable  tube  having  a  high  mutual  conductance  and  low  noise 
resistance  is  the  (AC7. 

The  ratio  V2  *  0^. 

Vl 

"  Sn. 

r i nr*  the  input  impedance  of  e  grounded-grid  triode  is  1_. 

C 

If  Sra,  the  mutual  conductance  cf%a  6AC7  oe  taken  as  12.  x  10-3 
and  Z,  the  impedance  of  the  coupling  unit  jsumed  to  have  unity  gain 
at  ell  frequencies  be  taken  as  700  ohms  then  V2 

—  =  S.4 
Vl 
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The  input  capacitance  of  a  6AC7  stage  is  ■* 


CGA I1  *♦  A)-  13  puF 
i 


in  which  Cqr 

cGA 

and  A 


grid-cathode  capacitance  ~  4  mhF 
grid- plate  capacitance  *  7 
stage  gain 

■  1  if  the  grounded-grid  triode  is  also  a  ''AC7. 

-m 


Allowing  for  the  tube  socket  this  input  capacitance  is  about 
20  ppiF. 


The  noise  produced  by  the  first  stage  can  be  computed  in  the 
following  mannep.  Referring  to  Figure  7. 

Yj  •  JY  4  Gi  ■  inpui  admittance  of  input  circuit  across  grid 

i^A  =  4kTGidf  =  thermal  agitation  noise  equivalent  current 

^2  -  4kT5G_df  «  induced  grid  noise  equivalent  current 

G  * 

j2  z  4kTR  £  2,_  «  shot  noise  equivalent  current  in  which 
Ira  eq  m  df 

q  ■  total  conductance  presented  to  input  terminals  of  tube 

G  ■  transit-tine  damping  conductance 
T 


s  0.13  f^  micro-ohms  if  f  is  in  Me/s. 

S_  ■  mutual  conductance  of  tube 

XU 

equivalent  shot  noise  resistance  of  tube 
(about  200  ohms  for  6AC7) 

T  =  absolute  temperature 
k  *  Boltzmann's  constant 
df  *  band  width  in  cycles  per  second 
ZA  :  plate  load  lmpedanee 


! 
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For  o  band  width  of  10  kc/s  these  equations  may  be  reduced  to 


i-TA  =  1*58  x  lO16^ 

42  =  7.9  x  1016q 

XG  T . 

2  =  1.53  x  1016r  S2 

Ika  eq  m 


(1) 

(2) 

(3) 


For  the  6AC7  stage  Z.  •  1,  s  83  ohms 

*■  c 

w>m 

R  -  200  ohms 
eq 

and  SB  =  12  x  leP 

giving  a  shot  noise  voltage  at  the  plate  of  the  first  tube  of  0.176 
micro-volt. 

The  equivalent  shot  noise  voltage  on  the  grid  of  the  6AC7  is, 
therefore, 

2j2£  =  0.176  pv. 

stage  gain 

The  value  of  L,  at  20  Lic/s  is  0.0002  micro-amp  and,  therefore, 
induced  grid  noise  Will  be  unimportant  unless  the  input  impedance  is 
greater  than  1000  ohms. 

Noise  due  to  thermal  agitation  is  0.0126  micro-volts,  if 
Ri«  1  is  the  effective  resistance  component  of  the  input  circuit; 
Gi 

it  ~ill  not  bec^ne  important  compared  with  shot  noise  unless  the 
resistance  is  gr'ater  than  400  ohms;  with  a  resonant  input  circuit 
in  which  noise  due  to  thermal  agitation  may  become  the 

predominant  factor. 

C.  Antenna  Coupling 

For  preliminary  analysis  it  was  assumed  that  shot  noise  limited 
the  sensitivity  of  the  first  stage  and  that  for  the  circuit  shown 
in  Figure  6  this  limiting  voltage  wes  0.17  micro-volt. 

% 

It  was  then  necessary  to  ascertain  the  magnitude  of  the  voltage 
which  could  be  applied  to  this  stage  by  the  antenna  system.  The 
pick-up  factor  E^  for  a  vertical  antenna,  E^  being  the  equivalent 

e.m.f.  in  the  antenna  circuit  and  Ep  the  field  intensity  is  plotted 
in  Figure  8  for  various  lengths  in  feet,  assuming  vertical  polarisa¬ 
tion  and  infinite  ground  conductivity.  It  is  at  once  noticed  that 
increasing  the  height  above  25  feet  leads  to  reduction  of  pick-up  at 
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the  higher  frequencies;  it  would  appear  that  a  height  of  25  feet 
is  an  optimum  value. 

If  the  antenna  is  connected  directly  to  the  grid  of  the  6AC7 
tube  of  input  capacitance  20  ppf  the  voltage  applied  to  this  tube 
for  a  field  strength  of  one  microvolt  per  meter  is  as  shown  in  Fig. 9; 
in  computing  this  voltage  the  known  constants  for  a  20  ft.  antenna 
have  been  taken  -  for  the  proposed  25  ft.  antenna,  slight  differences 
would  naturally  be  introduced.  The  figure  also  shows  the  performance 
which  would  be  obtained  if  the  input  capacitance  of  the  tube  were 
intentionally  increased.  It  is  seen  that  by  increasing  the  input 
capacitance  to  between  30  and  50  ppf  a  much  more  constant  sensitivity 
frequency  characteristic  can  be  obtained.  A  further  advantage  of 
increasing  this  capacitance  is  that  change  of  tube  capacitance  will 
have  only  a  secondary  effect  on  sensitivity. 

»ith  direct  connection  it  is  seen  that  a  sensitivity  of 
between  .08  and  .01  microvolt  per  meter  (22  to  40  decibels  below 
one  microvolt  per  meter)  over  the  frequency  range  2  to  20  Me/s  can  be 
achieved  very  simply  without  resonance  at  any  frequency.  The  imped¬ 
ance  of  the  antenna  circuit  is  always  reactive  and  always  quite  large, 
so  that  small  variations  in  antenna  resistance  become  unimportant. 

Consideration  was  then  given  to  methods  of  stepping-up  the 
voltage  applied  to  the  preamplifier  without  introducing  noise.  Both 
parallel-  and  tapped-tuned  input  circuits  were  considered  and 
comparison  made  between  the  characteristic  obtainable  with  such 
circuits  and  that  obtainable  with  direct  connection.  It  was  soon 
observed  that,  although  some  additional  gain  could  be  achieved  by 
using  special  input  circuits,  the  peaklness  of  the  characteristic 
with  frequency  was  such  as  to  outweigh  the  advantages.  It  was 
decided,  therefore,  to  use  direct  connection. 

D.  Method  of  Feeding  the  Line  and  Receiver 

The  beat  method  of  feeding  and  at  the  seme  time  matching  the 
transmission  line  and  receiver  is  to  utilize  a  cathode- follower 
circuit  as  shown  in  Fig.  10. 

For  correct  termination  to  prevent  standing  waves  R,.^  and 

the  receiver  impedance  in  parallel  must  equal  ZQ,  and  for  maximum 

transfer  of  power  to  the  receiver  Rc  should  be  as  high  as  possible. 

Rg  cannot  be  eliminated  entirely,  however,  since  a  O.C.  path  must 
be  provided. 
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Reasonable  variation  in  Zr  will  have  a  small  effect  on  the 
net  terminating  impedance  and  will  almost  certainly  not  give  rise 
to  significant  stending  waves. 


The  ratio  will  equal 


Em 


Sm  4  R3  * 2q 
r3zo 

*  9x10  '  for  a  6AC  7  connected  as  a  pentode. 


.-3 


Therefore  if  oe  taken  as  200  ohms,  the  ratio  Er^  will  be 


0.32 


E .  TTlde-band  Amplifier 


"he  noise  on  the  grid  of  the  preamplifier  cannot  be  made  less 
then  0.17  microvolt  and  the  noise  at  the  input  of  an  AR88  receiver  is 
know:  to  be  about  0.15  microvolt;  consequently,  since  there  *is  a 
loss  in  the  cathode  follower,  it  is  necessary  to  provide  one  etege  of 
amplification  to  raise  the  level  of  the  preamplifier  noise  to  a  value 
such  that  it  predominates  over  the  receiver  noise.  Analysis  of  the 
noise  figure  of  a  system  consisting  of  two  networks  A  and  B  in  cascade 
shows  that  the  noise  figure  N^r  of  the  system  as  a  whole  is  given  by 
the  expression  (10)  « 

NAB .  - U)  . 

GA 

in  which 


N.  -  noise  figure  of  network  A  (Preamplifier) 
s  noise  figure  of  network  B  (Receiver) 

=  gain  of  network  A  (Preamplifier) 

In  other  words,  for  minimum  noise  figure  for  the  system,  the  gain  of 
the  preamplifier  should  be  high  if  the  noise  figure  of  the  receiver 
Nr  is  much  larger  than  unity.  The  noise  figure  of  the  receiver  used 
(RCA  AR£S)  is  approximately  2.5  at  low  frequencies,  but  after  the 
padding  resistor  RSr  is  added  it  becomes  approximately  7;  the  gain 
of  the  preamplifier  may  be  made  fairly  constant  and  approximately 
equal  *  o  10. 

The  noise  contributed  by  the  cathode  follower  may  be  neglected 
and  the  equivalent  noise  cf  the  AR88  receiver  expressed  at  the  grid 
of  the  first  preamplifier  stage  is  about  0.01  microvolt;  the  total 
equivalent  noise  on  the  grid  from  all  sources  should,  therefore,  not 
exceed  0.2  microvolt. 
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F.  General  Assembly  and  Calibration 

Linking  together  the  various  components  independently  considered 
in  the  preceding  sections, the  essential  circuit  of  the  preemplifier 
required  to  be  located  at  the  base  of  the  antenna  is  er  shown  in  Fig.  11 

It  would  seem  desirable  to  provide  all  the  signal  gain  in  one 
unit,  so  raising  the  signal  level  about  ten  times  before  application 
to  the  feeder;  by  this  means  unwanted  induced  effects  will  be  rrlni- 
mi$?d.  This  necessitates  an  A.C.  power  supply  lead  and  power  peck  at 
the  base  of  the  antenna. 

To  render  the  equipment  less  susceptible  to  changes  in  tube 
capacitance  due  to  replacements  of  the  6AC^  preamplifier  stage, it 
seemed  desirable  to  sacrifice  a  little  sensitivity  and  shunt  the  input 
circuit  with  a  capacitance  cf  about  20  uuF;  this  will  also  tend  to 
reduce  noise. 

It  would  be  most  unwise  to  trust  the  permcnnr.ce  of  the  calibra¬ 
tion  over  extended  time  periods  and  it  is  considered  essential  to 
insert  the  calibrating  voltage  from  the  signel  generator  directly 
into  the  antenna  circuit.  This  circuit  is  now  truly  a  series  cir¬ 
cuit  and  the  calibrating  voltage  is  an  exact  measure  of  the  antenna 
voltage  since  the  impedance  is  always  high  end  there  are  no  etray 
parallel  paths. 

This  can  be  accomplished  quite  easily  as  shown  in  Fig.  11;  the 
signal-generator  feeder  must  be  terminated  with  a  load  of  70  ohms 
and  if  a  resistive  load  is  used  in  the  cathode  circuit  of  the  first 
tube  the  calibration  volts  will  be  substantially  independent  of 
frequency,  Tith  this  arrangement  the  antenna  constants  rill  play 
e  negligible  part  in  the  calibration  and  can  be  assumed  the  same  for 
all  equipments. 

VII.  DEVELOFVF.NT  CF  I V?  ROVED  EQUIP  VENT 

Considerable  effort  was  made  to  select  the  best  combination  of 
tubes  in  the  Hallman  circuit  to  give  the  lowest  tube  noise.  Tube 
types  6AK5,  6J4  and  6AC7  were  all  tried  end  it  was  found  that  the 
6J4  gave  the  best  results  from  the  standpoint  of  minimum  tube  noise. 
Unfortunately,  however,  this  tube  has  e  short  life  end  it  was  con¬ 
sidered  that  for  practical  reasons  of  reliability,  life  and  cost  , 
use  of  6AC7  tubes  was  preferable.  The  noise  level  of  this  tube  is 
approximately  25$  (2  decibels)  higher  than  that  of  the  6J4  but  it 
offered  an  important  practical  advantage  in  that  it  could  be  used  in 
all  sockets  and  that  it  is  more  generally  available. 


Using  6AC7  tubes  connected  as  triodes  in  a  V'allman  circuit,  a  series 
of  experiments  were  made  to  determine  the  best  operating  condition 
to  gire  minimum  noise;  it  was  found  that  minimum  bias  and  high 
cathode  current  were  required.  Unfortunately,  this  condition  also 
implies  nonlinear  operation  and,  as  shown  later,  to  reduce  cross¬ 
modulation  effects,  it  is  of  high  importance  *to  maintain  linear  opera¬ 
tion  as  far  as  possible,  A  compromise  value  of  one  volt  bias  and 
85  volts  plate  voltage  produced  tube  noise  very  nearly  equal  to  the 
minimum  value  and  yet  maintained  operation  on  a  linear  portion  of 
the  tube  characteristics. 

The  noise  voltage  for  16  K«/s  bend  width  (that  of  an  AR88  receiver 
in  the  "broad"  condition)  referred  to  the  grid  of  the  first  tube  was 
found  to  be  0.17  microvolt.  Using  the  same  tube  in  a  pentode  circuit 
a  noise  voltage  of  about  0.24  microvolts  was  obtained.  Since  a  voltage 
gain  of  seven  to  eight  was  secured  in  the  first  (triode)  stage  the 
contribution  of  the  second  (pentode)  stage  increased  by  noise  contri¬ 
bution  of  the  preamplifier  by  only  656. 


Theoretical  considerations  show  that  further  reduction  of  cir¬ 
cuit  noise,  to  the  extent  of  30% ,  can  be  obtained  by  parallel 
operation  of  two  tubes  in  the  input  stage.  Experimental  tests  con¬ 
firmed  these  conclusions,  although  the  improvement  was  more  nearly 
equal  to  2056.  Because  the  use  of  parallel  tubes  in  the  input 
circuit  involved  the  addition  of  another  tube,  and  because  of  the 
possibility  that  the  second  tube  in  the  Hallman  circuit  would  also 
need  to  be  parallelled,  it  was  decided  that  use  of  parallel  tubes  in 
the  input  stage  was  undesirable. 


Development  of  the  wide-band  amplifier  followed  conventional 
lines;  a  number  of  different  combinations  of  the  parameters 
l1,^2»^3  ,**4»R6»**7»R11  an<*  **12  (See  Fi€«12)  were  tried  and  the 

best  overall  performance  was  obtained  with  the  following  values: 


hr 

6.5  pH 

w 

5.0  pH 

hz 

6.5  pH 

L  ■ 

5.0  pH 

4 

R6* 

15000  ohms 

680  ohms 

*ir 

15000  ohms 

*12* 

600  ohms 
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The  constancy  op  p.aln  wit)  ^rerpuency  variation  achieved  by 
this  omplifi°r  is  shown  ir.  Fig.  17. 

The  cathode- follower  load  consists  of  the  resistor  R^  equal 
to  200  ohms  in  parallel  with  the  line  of  surge  impedance  70  ohms. 

The  range  of  the  signal  generator  voltage  is  1  microvolt  to 
ICO  millivolts;  the  first  circuit  tube  noise  is  about  0.2  microvolt. 
It  is  desirable,  therefore,  that  at  minimum  setting  of  signal  gen¬ 
erator  input  the  voltage  delivered  across  the  resistor  R21  shall  be 
slightly  less  than  the  tube  noise  referred  to  the  grid.  Values  of 
^21  =  4  ohms  and  R22  *  65  ohms  were  selected  to  give  a  satisfactory 
range  of  measurement. 

The  impedance  of  the  preamplifier  looking  into  the  cathode  cir¬ 
cuit  of  the  first  tube  is  very  nearly  1  or  80  ohms.  Since  this 

^m 

impedance  is  connected  across  a  4  ohm  resistor,  variations  in  this 
impedance  will  not  appreciably  affect  the  accuracy  of  calibration. 

VIII.  GENERAL  DESCRIPTION  OF  ItTRCVED  EQUIPMENT 

The  various  components  of  the  improved  equipment  are  shown  in 
Fig.  13  and  are  listed  below: 

A.  Antenna  and  preamplifier  » 

B. C.  and  D.  Automatic  transmitter  for  keying  the 

signal  generator 

E.  Signal  generator 
■3  F.  Receiver 

G.  Receiver  input  matching  hnxt  (110  ohms  In  parallel  with 

receiver). 

H.  Signal  generator  matching  unit  (70  ohms  in  parallel  with 

line  to  give  correct  35 
ohm  load  to  generator) 

J.  Distribution  base  and  switches 

K.  Receiver  coaxial  70  ohm  radio  frequency  cable  (200  feet) 

L.  Calibration  generator  70  ohm  radio  frequency  cable  (200  feet) 

K.  Supply  lead  to  preamplifier  (200  feet) 

The  mechanical  arrangement  of  the  antenna  and  preamplifier  is 
shown  in  Fig.  and  top  and  bottom  views  in  Figs.  15  and  16  re¬ 
spectively.  The  unit  consists  of  a  25  foot  vertical  steel  antenna 
mast  A^  bolted  to  the  antenna  base  Insulator  assembly  A2.  This  base 
is  supported  by  a  housing  A3  comprising  three  units  -  cover,  base, 
and  support  -  which,  when  the  housing  is  bolted  securely,  provides 
a  support  for  the  antenna  and  at  the  same  time  a  weatherproof  cover 
for  the  preamplifier  A^.  Contact  is  made  between  the  antenna  and 
preamplifier  by  the  assembly  A^. 
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To  prevent  condensation  on  the  electrical  components  a  small 
heater  is  provided  to  maintain  an  interval  temperature  20-30°  F 
above  the  ambient  temperature. 

IX.  rSRFORTANCS.  OF  IMPROVED  E0UIPM5NT 

Fending  the  manufacture  of  a  considerable  number  of  equipments 
for  distribution  to  the  existing  noise  measuring  station  preliminary 
tests  have  been  made  on  a  prototype  preamplifier  constructed  at  the 
National  Bureau  of  Standard s. 

In  this  prototype  equipment  built  specifically  for  test  pur¬ 
poses  the  components  ere  not  exactly  identical  with  those  which  will 
be  used  in  the  equipment  for  distribution;  in  particular,  the  input 
circuit  differs  somewhat  from  that  which  will  apply  to  the  final  sets. 
For  this  reason  the  performance  given  in  this  section  will  not  apply 
strictly  to  the  final  equipment,  but  the  differences  will  not  be  such 
as  to  ^ffect  the  essential  conclusions  drawn  from  the  experimental 
work  o*  the  prototype. 

A.  Gain  of  Freamrllfier 

The  preamplifier  was  set  up  with  an  AR88  receiver  connected 
across  the  output;  the  measured  gain  is  shown  in  Fig.  17  from  which 
it  1 8  seen  that  over  the  frequency  range  1-20  i'c/S  the  variation  does 
not  exceed  2  15 %. 

B.  Sensitivity  of  Preamrlifier 

Since  the  lower  level  of  atmospheric  radio  noise  whieh  can  be 
measured  by  the  equipment  is  limited  by  the  circuit  and  tube  noise  of 
the  preamplifier,  the  latter  is  a  very  important  quantity.  It  was 
measured  at  a  number  of  frequencies  and  its  values  are  shown  in 
Fig.  18. 

The  value  of  the  circuit  and  tube  noise,  as  used  in  this  dis¬ 
cussion,  is  the  voltage  of  a  single  frequency  which  when  applied  to 
the  grid  of  the  first  tube  produces  the  same  voltage  indication  in 
the  output  of  the  second  detector  of  the  receiver  as  does  the  cir¬ 
cuit  noise  itself,  at  the  same  gain  setting.  In  making  the  measure¬ 
ment,  a  single  frequency  voltage  was  applied  to  the  grid  of  the  first 
preamplifier  tube  and  its  value  was  adjusted  until  the  output  indi¬ 
cation  was  ten  times  that  due  to  noise  of  the  preamplifier  alone. 

The  preamplifier  noise  was  then,  by  definition,  equal  to  one  tenth 
of  the  calibrating  signal.  The  linearity  of  detection  was  verified 
and  found  to  be  satisfactory  over  the  range  of  measurement. 

It  should  be  noted  that  the  noise  voltage  is  a  function  of 
bandwidth;  it  is,  in  fact,  proportional  to  the  square  root  of  the 
bandwidth.  The  value  determined  in  this  series  of  measurements 
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corresponds  to  the  bandwidth  of  an  AR88  receiver  in  the  "broad" 
position  where  the  effective  bandwidth  is  16  kc/sec.  It  is 
sometimes  convenient  to  express  tube  noise  in  terms  of  a  resistor 
which  would  give  equal  thermal  voltage  at  room  temperature,  thus 
eliminating  the  bandwidth.  The  value  of  such  a  resistor  for  the 
tube  used  in  this  circuit  would  range  from  100  ohms  at  1  Vc/s  to  750 
ohms  at  20  Mc/s.  This  value  may  be  compared  with  that  given  by 
n.  A.  Harris  H  who  cites  a  value  of  200  ohms  for  a  6AC7  tube  when 
used  as  a  triode. 

C .  Calibration  Constant  of  rreamrlifler 

The  preamplifier  calibration  constant  is  defined  as  the  factor 
which  has  to  be  applied  to  convert  the  applied  signal  generator 
voltage  to  equivalent  voltage  supplied  to  the  grid  of  the  first 
tube.  For  the  manufactured  equipment  it  should,  theoretically,  be 
4/69  or  O.C58.  In  the  tests  on  the  prototype  a  50  ohm  cable  only 
was  available  and  the  values  of  R21  ar*d  R22  (see  Fig.  12.  were 
accordingly  4  and  47  ohms  respectively;  the  theoretical  value  of 
the  constant  is,  therefore,  4/50  or  0.08. 

The  value  of  this  constant  was  measured  at  frequencies  between 
1  and  20  Mc/s,  and  the  values. are  shown  in  Figure  19.  It  can  be  seen 
that  the  calibration  constant  of  the  prototype  model  varies  with 
frequency  due  undoubtedly  to  inductance  in  the  4  ohm  resistor.  It 
is  expected  that  in  the  production  models  this  inductance  effect 
will  be  negligible. 

D.  Cross  Modulation  Effects 

Because  the  preemplifier  is  untuned,  all  signals  at  frequencies 
from  below  1  l!c/s  to  over  20  L'c/s  will  be  amplified  end  passed  through 
the  amplifier  uniformly.  Since  no  tube  characteristics  are  linear, 
some  degree  of  cross  modulation  will  inevitably  be  introduced. 

Cross  modulation  nay  manifest  itself  in  two  different  ways;  in 
one,  two  reasonably  powerful  signals  may  beat  against  etch  other  so 
producing  two  cross  modulation  products  at  frequencies  equal  to  the 
difference  and  sum  of  the  frequencies  of  the  signals.  If  the  cross- 
modulation  characteristics  of  the  preamplifier  were  pronounced  the 
effect  would  be  to  increase  appreciably  the  congestion  of  the  radio 
spectrum  making  it  more  difficult  to  find  unoccupied  frequency  bands 
in  which  to  make  a  measurement  of  atmospheric  noise.  The  other  way 
in  which  cross  modulation  may  be  significant  is  as  follows;  with  the 
receiver  tuned  to  some  particular  frequency  the  measure  of  noise  over 
the  acceptance  bend  of  the  receiver  may  be  affected  by  cross  modulation 
products  of  noise  at  other  frequencies. 

The  importance  of  the  first  effect  can  be  found  only  by  long 
experience  in  the  field  and  will  depend  upon  the  pr°valent  field 
intensities  existing  at  particular  sites.  It  is  possible,  however 
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to  make  some  laboratory  measurements  giving  at  least  an  indication 
of  the  possible  magnitude  of  such  cross  modulation  effects.  In 
Figure  20  are  presented  the  results  of  a  simple  test  in  which  two 
voltages  differing  in  frequency  by  the  frequency  to  which  the  re¬ 
ceiver  is  tuned  were  injected  into  the  input  circuit;  the  value 
of  the  output  is  plotted  for  varying  signal  voltages.  It  can  be 
seen  that  the  product  of  the  two  signals  in  microvolts  must  exceed 
50,000  before  the  cross  modulation  product  appears  above  the  noise 
level  of  the  system. 

To  measure  the  effect  of  noise  cross  modulation  a  noise  diode 
was  used,  the  test  circuit  being  shown  in  Figure  21;  the  output  of 
the  noise  diode  was  connected  to  an  untuned  preamplifier  which  in¬ 
creased  the  noise  output  to  the  fairly  high  level  of  about  20 
microvolts  for  the  bandwidth  of  the  receiver.  The  output  from  this 
amplifier  was  fed  into  a  band  rejection  filter  passing  with  negli¬ 
gible  attenuation  all  frequencies  except  the  one  band  at  2.5  mc/sec. 
at  which  frequency  attenuation  of  over  300  times  in  voltage  occurred. 
The  output  from  the  band- rejection  filter  was  in  turn  fed  into  the 
preamplifier  and  receiver. 

The  results  of  this  test  are  shown  in  Figure  22.  It  can  be 
seen  that  the  noise  level  at  2.5  me.  is  approximately  .01  of  the 
level  at  other  frequencies.  This  ean  be  accepted  as  a  proof  that 
cross  modulation  products  do  not  give  rise  to  an  output  greater 
than  .01  of  the  maximum  atmospheric  noise  received  anywhere  in  the 
frequency  spectrum.  Consequently  it  may  be  inferred  that  if  the 
difference  between  the  minimum  and  the  maximum  atmospheric  noise 
intensity  over  the  spectrum  is  not  greater  than  100:1,  no  errors 
should  be  encountered  in  measuring  accurately  the  noise  level  at 
any  frequency. 

E.  Performance  of  Complete  Equipment 

The  tests  described  in  the  preceding  section  were  all  made  on 
the  preamplifier  alone;  the  performance  of  the  complete  equipment 
under  field  conditions  cannot  be  determined  until  the  final  equip¬ 
ment  is  available.  Owing  to  time  limitation  and  lack  of  exact 
replicas  of  the  radio- frequency  cables  which  will  be  used  it  is 
not  yet  possible  to  give  an  exact  statement  of  performance,  but  it 
has  been  found  possible  to  give  a  reasonable  indication  of  the 
probable  performance  by  setting  up  the  equipment  in  the  field  under 
conditions  which  simulated  reasonably  well  the  actual  conditions 
which  will  ultimately  exist. 

The  prototype  model  of  the  preamplifier  was  set  up  effi  connected 
to  an  exact  replica  of  the  antenna ;  the  capacitance  of  tue  antenna 
lead  from  the  antenna  bese  tc  the  input  of  the  preamplifier  was 
92  upF,  whereas  in  the  production  models  it  will  be  much  less;  the 
Impedance  of  the  receiver  coaxial  cable  was  70  ohms,  but  the  impedance 
of  the  calibrating  generator  cable  was  only  50  ohms.  Otherwise,  the 
rest  of  the  equipment  was  identical  with  that  which  will  be  provided 
in  the  production  models. 
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1.  Calibration  Constant  of  rreamilifier  IncJ.udiny; 

Voltape  Generator  Cable. 

The  first  test  made  w  as  made  with  a  test  si  gnal- generator 
connected  across  the  injut  of  the  preamplifier  in  [lace  of  the 
antenna;  the  output  from  the  receiver  war  indicated  by  a  meter 
in  the  diode  circuit.  The  test  generator  was  adjusted  to  g iv°  a 
constant  input  of  1  millivolt  and  then  the  calibrating  generator 
was  adjusted  to  give  the  same  output  both  being  observed  by 
indication  on  the  diode  meter.  The  value  of  the  calibrating 
generator  voltage  required  in  decibels  above  one  microvolt  per 
meter  is  plotted  in  Figure  23.  The  observations  show  some  evidence 
that  the  50  ohm  line  transmitting  the  calibrating  signal  was  not 
properly  matched  at  the  load  (preamplifier)end. 

2.  Calibration  Constant  of  Equipment 

The  calibration  constant  of  the  complete  equipment  is  defined  a 
the  factor  which  when  applied  to  the  actual  signal  generator  voltage 
as  read  on  the  attenuator  gives  at  any  frequency  the  actual  corres¬ 
ponding  field  strength  in  microvolts  per  meter. 

To  obtain  this  the  antenna  was  connected  and  local  fields  gen¬ 
erated;  an  indication  in  the  diode  meter  was  obtained  and  then  this 
same  diode  current  was  obtained  by  injection  of  the  calibrating 
signal  generator  voltage.  The  field  was  simultaneously  measured  by 
an  R.C.A.  Field  Intensity  Measuring  Equipment  Model  No.  308A'. 

The  result  obtained  is  shown  in  curve  A  of  Fif.  24  and  for 
comparison  the  theoretical  constant  Is  shown  in  curve  B;  the  latter 
having  been  computed  by  using,  the  measured  constants  of  a  20  foot, 
instead  of  the  actual  25  foot  antenna;  close  wgreenent  is  not, 
therefore,  to  be  expected. 

3.  Sensitivity  of  Equipment 

To  determine  the  sensitivity  of  the  equipment  the  antenna  was 
disconnected  and  the  noise  level  of  the  system  measured  in  terms  of 
the  calibrating  generator  voltage;  this  is  3hown  in  curve  C  of 
Figure  26.  Applying  the  calibration  constant  shown  in  curve  A  the 
minimum  field  intensity  which  can  be  measured  by  the  system  is 
computed  and  is  shown  in  Curve  D. 

/ 

It  can  be  seen  that  a  minimum  field  intensity  of  .05  to  .018 
microvolt/meter  (26  to  35  decibels  below  one  microvolt  per  meter) 
can  be  measured  if  the  limiting  factor  is  circuit  end  tube  noise. 


3.'.." 
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In  the  production  models  in  which  the  capacitance  shunted 
across  the  preamplifier  input  should  be  appreciably  less  than  that 
existing  in  the  prototype  model,  th®  sensitivity  should  be  in¬ 
creased,  particularly  at  the  high- frequency  end  of  the  measuring 
range. 

X .  CONCLUSION 

A.  The  improved  system  has  a  number  of  advantages  over  other 
possible  alternatives,  mostly  of  a  t ractical  character.  It  re¬ 
quires  a  minimum  of  additional  equipment  .vhich  can  readily  be 
adapted  to  the  existing  apparatus  and  It  does  not  call  for  any 
new  procedures  on  the  part  of  the  operating  personnel  end  it  is 
not  likely  to  get  out  of  adjustment.  A  perticul&rly  valuable 
improvement  is  the  injection  of  the  calibrating  signal  at  very 
nearly  the  point  of  antenna  input;  in  this  way  errors  of  calibra¬ 
tion  are  minimized. 

B.  The  only  disadvantage  of  the  improved  system  is  the  possibiL 
ity  of  cross  modulation  effects  introduced  by  use  of  a  wide-band 
preamplifier.  As  pointed  out  previously  such  effeets  may  interfere 
with  operation  in  two  ways;  ''irstly,  the  spectrum  may  be  congested 
by  the  addition  of  cross  modulation  products  appearing  as  interfering 
signals,  and  secondly,  errors  in  the  measurement  of  a  minimum  noise 
may  occur  when  such  a  minimum  coexists  with  strong  atmospheric  noise 
at  other  portions  of  the  spectrum. 

The  first  possible  disadvantage  can  only  be  determined  by 
extensive  field  experience;  preliminary  field  tests  have  railed  to 
show  it  to  be  of  particular  significance.  The  seeond  possibility, 
of  the  noise  cross  modulating  with  itself,  appears  to  -  een 

settled  satisfactorily  provided  the  minimum  noise  voltage  is  not 
less  than  about  .01  of  the  prevalent  noise  over  the  frequency  range 
of  the  preamplifier. 

C.  The  improved  system  is  capable  of  measuring  atmospheric 
noise  over  a  range  of  .05  to  5000  microvolts/meter  (-25  to  4  75 
decibels  above  one  microvolt  per  meter),  at  all  frequencies  within^ 
the  band  Z.  5  to  20  Vc/s. 

D.  The  calibration  is  independent  of  frequency  over  any  one 
of  the  five  measuring  ranges. 

E.  The  improved  system  appears  to  be  quite  stable  as  far  as 
calibration  and  gain  are  concerned. 
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'F  ii  is  believed  thet  the  improved  system  offers  a  practical 
means  f  increasin'  the  sensitivity  of  the  original  equipment  with  a 
minim'om  of  alteration. 
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